Introduction
Iron deficiency (ID) is a frequent comorbidity in heart failure (HF). 1 Based on serum markers of depleted body iron stores, reduced systemic iron availability, and unmet cellular iron requirements, 40% of patients with chronic HF and up to 75% of patients with acute (decompensated) HF are iron deficient. [2] [3] [4] Iron deficiency is more prevalent in HF patients with anaemia, but some patients are iron deficient and not anaemic. [2] [3] [4] At the tissue level, iron content in the myocardium is reduced by 20-30% in patients with advanced HF. 5, 6 Iron is required for proper functioning of all mammalian cell types. Iron is a cofactor in haem and iron-sulphur cluster-containing proteins that control fundamental processes including oxygen transport (haemoglobin) and storage (myoglobin) and energy metabolism (e.g. components of the mitochondrial electron transport chain). Mitochondria are particularly abundant in the myocardium where they support the high energy demands of muscle contraction. Because small changes in cardiac energy metabolism can have a significan/t impact on contractile function, the heart may be particularly vulnerable to ID. 7 Iron deficiency is associated with higher mortality rates in patients with acute or chronic HF independent of coexisting anaemia. [2] [3] [4] Iron supplementation improves symptoms and exercise capacity and may reduce the number of HF hospitalizations in iron-deficient patients with chronic HF. 8, 9 Thus, it has been proposed that ID per se may contribute to adverse outcomes in HF, but mechanistic data supporting this hypothesis are lacking. Rats with severe nutritional ID develop anaemia and cardiac hypertrophy and may progress to overt HF. [10] [11] [12] However, these studies could not decipher the relative importance of anaemia leading to high-output HF and ID in the heart and in other non-haematopoietic tissues. Intracellular iron availability is secured by two orthologous ironregulatory proteins (IRPs), IRP1 and IRP2. 13 In iron-deficient cells,
IRPs interact with conserved cis-regulatory iron-responsive elements (IREs) in the 5 0 or 3 0 untranslated regions of target mRNAs. Ironregulatory protein binding to IREs increases the stability of transferrin receptor (iron import) mRNA and inhibits the translation of ferroportin (iron export) and ferritin H-and L-chain (iron sequestration) mRNAs. Iron-regulatory proteins thereby promote an increase in intracellular iron that is freely available for synthesis of haem and ironsulphur cluster-containing proteins in the mitochondria or cytosol. When intracellular iron is high, IRP1 acquires an iron-sulphur cluster and loses its IRE binding capacity, whereas IRP2 is targeted for proteasomal degradation. 13 Here, we show that IRP activity is diminished in the failing human heart, along with decreases in transferrin receptor expression and tissue iron concentration. To explore the functional implications, we generated mice with cardiomyocyte-selective deletion of Irp1 and Irp2. Irp-targeted mice developed ID specifically in the myocardium and enabled us to explore the role of cardiac ID without the confounding influence of systemic ID and anaemia.
Methods
Please refer to the Supplementary material online for an extended Methods section.
We collected left ventricular (LV) tissue samples from patients undergoing heart transplantation for ischemic or dilated cardiomyopathy and from unused donor hearts. The Ethics Committee of the University Hospital in Göttingen approved the study. All patients or their legal representatives provided written informed consent. Mice homozygous for floxed Irp1 and floxed Irp2 (Irp1/2 f/f ) were bred to transgenic mice expressing Cre recombinase under the control of the b-myosin heavy chain promoter to generate mice with cardiomyocyte-targeted deletion of both Irp1 and Irp2 (Cre-Irp1/2 f/f ). Irp1/2 f/f littermates served as controls. Wild-type mice and Cre recombinase transgenic mice (Cre) were studied as well. Left ventricular pressure-volume loops were recorded with a 1.4F micromanometer-tipped conductance catheter inserted via the right carotid artery. The right jugular vein was canulated for dobutamine infusions. Myocardial infarction (MI) was induced by left anterior descending artery ligation. Two-dimensional transthoracic echocardiography was performed with a linear 30 MHz transducer. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in isolated adult mouse cardiomyocytes with an XF e 24 analyser (Seahorse Bioscience). Cardiac high energy phosphates were monitored by acquisition-weighted two-dimensional 31 P chemical shift imaging at rest and during dobutamine infusion. Our local state authorities approved all animal procedures. Data are presented as mean 6 SD. A two-tailed P value < 0.05 was considered to indicate statistical significance. The overall experimental design is summarized in Supplementary material online, Figure S1 .
Results
Reduced iron content, IRE binding activity, and transferrin receptor expression in the failing human heart Consistent with previous reports, 5, 6 iron concentration was significantly lower in LV tissue samples from patients with advanced heart
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. failure than in LV tissue samples from unused donor hearts ( Figure  1A) . As shown by electrophoretic mobility shift assays, IRE binding activity was significantly reduced in failing hearts (most pronounced in patients with ischemic cardiomyopathy) ( Figure 1B) . Protein expression levels of the transferrin receptor were significantly lower in failing hearts than in the controls ( Figure 1C ).
Targeted Irp deletion in mice induces ID in the myocardium
We generated mice with a cardiomyocyte-targeted deletion of Irp1 and Irp2 (Cre-Irp1/2 f/f ) to address Irp function in the heart ( Figure 2A ). Cre-Irp1/2 f/f mice were born at the expected Figure  2F ). As a result, iron concentration in cardiomyocytes was significantly reduced in Cre-Irp1/2 f/f mice ( Figure Figure S2 ). Cre-Irp1/2 f/f mice did not show an obvious phenotype under baseline conditions. Body mass, heart mass, LV mass, and cardiomyocyte cross-sectional area were similar in Cre-Irp1/2 f/f and Irp1/2 f/f mice under baseline conditions (see Supplementary material online, Table  S1 ). On echocardiography, LV end-diastolic and end-systolic dimensions and LV systolic and diastolic function were similar in both genotypes (see Supplementary material online, Table S1 ). Cre-Irp1/2 f/f mice were not anaemic and had a normal peripheral blood count (see Supplementary material online, Table S2 ). 
Irp-targeted mice lack inotropic reserve
Next, we challenged Cre-Irp1/2 f/f mice with dobutamine to expose any functional abnormalities under acute hemodynamic stress. Pressure-volume measurements under resting conditions (before initiating dobutamine) revealed no significant differences between
Cre-Irp1/2 f/f and Irp1/2 f/f mice in heart rate, LV end-diastolic and endsystolic volumes and pressures, and LV systolic and diastolic function (Figure 3A-F; see Supplementary material online, Figure S3 ). With increasing dobutamine doses, heart rate increased to a similar extent in Cre-Irp1/2 f/f and Irp1/2 f/f mice ( Figure 3C ). Systolic function, however, increased in response to dobutamine in Irp1/2 f/f mice but failed to increase in Cre-Irp1/2 f/f mice (dP/dt max , stroke volume, and stroke work are shown in Figure 3D -F; other variables are presented in Supplementary material online, Figure S3 ). In an additional set of animals, we measured load-independent parameters of systolic (end-systolic elastance, dP/dt max -end diastolic volume relationship, and preload recruitable stroke work) and diastolic function (end-diastolic pressure-volume relationship). Under resting conditions, no significant differences between Cre-Irp1/2 f/f and Irp1/2 f/f mice were observed. During dobutamine infusion, the systolic parameters, but not the diastolic parameter, were significantly reduced in Cre-Irp1/2 f/f mice (see Supplementary material online, Figure S4 ).
Pressure-volume measurements revealed no significant differences between Irp1/2 f/f , Cre, and wild-type mice at baseline and during dobutamine infusions (see Supplementary material online, Figure  S5 ). Thus, Irps in cardiomyocytes are necessary to increase contractile performance during inotropic stimulation.
Targeted Irp deletion increases the risk of heart failure after MI Figure S6 ). Infarct scar size ( Figure 4A ) and interstitial fibrosis in the non-infarcted left ventricle (see Supplementary material online, Figure  S6 ) were similar in Cre-Irp1/2 f/f and Irp1/2 f/f mice at 28 days after MI.
Cre-Irp1/2 f/f mice, however, developed more pronounced LV hypertrophy ( Figure 4B ) with greater increases in cardiomyocyte size on histological and single cell examination ( Figure 4C and D) , and more pronounced expression of embryonic marker genes (see Supplementary material online, Figure S7 ). Enhanced hypertrophy in Cre-Irp1/2 f/f mice was associated with higher expression of the calcineurin-NFAT target gene Rcan1 ( Figure 4E ). Other hypertrophic signalling pathways (Erk1/2, p38-Mapk, and Akt) were not differentially activated after MI in Cre-Irp1/2 f/f and Irp1/2 f/f mice (see Supplementary material online, Figure S8 ). Left ventricular dilatation and systolic dysfunction after MI were more pronounced in Cre-Irp1/ 2 f/f mice than in Irp1/2 f/f , Cre, and wild-type control mice ( Figure 4F ). Cre-Irp1/2 f/f mice developed overt HF as evidenced by pulmonary congestion (greater lung mass to body mass ratio in Figure 4G ) and increased mortality ( Figure 4H ). On autopsy, serous fluid accumulation in the chest cavity, indicative of HF, was found in the majority of CreIrp1/2 f/f mice; we observed only few cardiac ruptures ( Figure 4I ).
Thus, Irps in cardiomyocytes protect against HF after MI.
Targeted Irp deletion impairs mitochondrial respiration and cardiac energetics
Considering the importance of iron for mitochondrial energy production, we examined mitochondrial structure and respiratory function in Cre-Irp1/2 f/f hearts. We first assessed mitochondrial structural integrity by electron microscopy. Mitochondria were well aligned between the longitudinally oriented myofibrils in Cre-Irp1/2 f/f and Irp1/2 f/f mice ( Figure 5A ). Mitochondrial density and organization of the cristae appeared normal in Cre-Irp1/2 f/f cardiomyocytes ( Figure 5A ). Mitochondrial DNA copy number in the LV myocardium was not significantly altered in Cre-Irp1/2 f/f mice ( Figure 5B) , as was the activity of several Krebs cycle enzymes, not containing haem or iron-sulphur clusters ( Figure 5C ). Expression levels of mitochondrial ferritin and ATP-binding cassette transporter 7 were increased, whereas frataxin expression was unchanged in Cre-Irp1/2 f/f cardiomyocytes (see Supplementary material online, Figure S9 ). Although these observations suggested that mitochondrial structure and metabolic function are preserved in Cre-Irp1/2 f/f hearts, the activity of the Fe-S cluster-containing complex I of the mitochondrial electron transport chain was markedly lower in left ventricles from Cre-Irp1/2 f/f mice ( Figure 5D) . Notably, the activity of haemcontaining complex IV was not affected ( Figure 5D ). To directly assess mitochondrial respiration, we measured OCR in isolated cardiomyocytes ( Figure 5E ). Under baseline conditions, OCR was not significantly different between Cre-Irp1/2 f/f and Irp1/2 f/f cardiomyocytes.
Upon addition of the ATP synthase inhibitor oligomycin, OCR dropped to a similar extent in Cre-Irp1/2 f/f and Irp1/2 f/f cardiomyocytes, indicating that ATP production rate at baseline and proton leak were comparable in both genotypes. To determine maximal respiration, we added carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), a potent uncoupler of oxidative phosphorylation in mitochondria. The FCCP-stimulated increase in OCR was severely blunted in Cre-Irp1/2 f/f cardiomyocytes ( Figure 5E ). Accordingly, spare respiratory capacity was diminished in Cre-Irp1/2 f/f cardiomyocytes (130 6 83% vs. 39 6 85% increase in OCR over baseline in Cre-Irp1/2 f/f and Irp1/2 f/f cardiomyocytes, respectively; P ¼ 0.002).
We finally added the electron transport chain inhibitors antimycin A and rotenone to assess non-mitochondrial respiration and found that OCR dropped to very low levels that were similar in Cre-Irp1/2 f/f and Irp1/2 f/f cardiomyocytes ( Figure 5E ). Along with OCR we assessed ECAR, which provides a measure of glycolytic activity (lactic acid production) ( Figure 5F ). At baseline, ECAR was not significantly different between Cre-Irp1/2 f/f and Irp1/2 f/f cardiomyocytes. After addition of FCCP and collapse of the mitochondrial membrane potential, ECAR increased in Irp1/2 f/f and, to a smaller extent, in CreIrp1/2 f/f cardiomyocytes as the cells attempted to maintain energy production by glycolysis ( Figure 5F ). Next, we treated cardiomyocytes with dobutamine to measure mitochondrial respiration during submaximal, physiological stress. Oxygen consumption rate increased in response to dobutamine in Irp1/2 f/f cardiomyocytes but not in Cre-Irp1/2 f/f cardiomyocytes ( Figure 5G ). Finally, we employed 31 P-magnetic resonance spectroscopy at high spatial resolution to study cardiac energy metabolism in vivo ( Figure 5H) 
Irp-targeted mice are rescued by intravenous iron supplementation
We examined whether Irp-targeted mice with cardiac ID can be rescued by iron supplementation. A single intravenous injection of ferric carboxymaltose normalized LV myocardial iron concentration in Cre-Irp1/2 f/f mice but did not further increase myocardial iron in Irp1/2 f/f control mice ( Figure 6A ). Left ventricular myocardial copper and free radical concentrations were not affected by iron supplementation in both genotypes (see Supplementary material online, Figure  S2 ). Iron supplementation did not affect OCR under baseline conditions and after maximal stimulation with FCCP in Irp1/2 f/f cardiomyocytes ( Figure 6B ). Iron supplementation also did not affect baseline OCR in Cre-Irp1/2 f/f cardiomyocytes. Iron supplementation, however, restored maximal OCR ( Figure 6B ) and spare respiratory capacity in FCCP-stimulated Cre-Irp1/2 f/f cardiomyocytes (163 6 192% vs.
55 6 85% increase in OCR over baseline with or without iron supplementation, respectively; P ¼ 0.007). Iron supplementation did not enhance heart rate or systolic function in dobutamine-stimulated Irp1/2 f/f mice but restored systolic function in dobutamine-stimulated
Cre-Irp1/2 f/f mice. Heart rate, dP/dt max , stroke volume, and stroke work during infusion of 40 ng/g/min dobutamine are shown in Figure  6C -F; complete dose-response curves of iron supplemented mice are presented in Supplementary material online, Figure S10 ; loadindependent parameters are shown in Supplementary material on line, Figure S4 . 
Mice with a cardiomyocyte-targeted deletion of Irp1 or Irp2 have no cardiac phenotype
To assess whether the two Irps are functionally redundant, we generated mice with a cardiomyocyte-targeted deletion of Irp1 ). Pressure-volume measurements under resting conditions and during dobutamine infusions revealed no significant differences between single Irp mutant and control mice. Left ventricular cardiomyocyte hypertrophy, LV end-diastolic and end-systolic dimensions, and systolic function were not significantly different between single Irp mutant and control mice (see Supplementary material online, Figure S11 ).
Discussion
Iron deficiency is associated with adverse outcomes in HF, and it has been speculated that iron depletion in the myocardium contributes to systolic dysfunction and disease progression. 1 Because ID and anaemia are inextricably linked, dissecting out the functional importance of ID vs. anaemia has proved extremely difficult. Here, we define the pathophysiological role of IRPs and iron in the heart (Figure 8 ).
Using Cre-loxP technology, we generated mice with targeted deletion of Irp1 and Irp2 in cardiomyocytes. The transferrin receptor was down-regulated, whereas ferroportin and ferritin were up-regulated in Irp-targeted cardiomyocytes. Reflecting net changes in iron import, export, and sequestration, iron concentration was reduced in Irptargeted cardiomyocytes. Mice with a targeted deletion of only one Irp isoform did not develop cardiac ID and displayed no cardiac phenotype. We conclude that the two Irps redundantly secure iron availability in cardiomyocytes, like in other cell types, [14] [15] [16] by modulating the expression of canonical iron metabolism genes. Importantly, Irptargeted mice were not anaemic and had preserved tissue iron levels outside the heart, thus enabling us to study the effects of cardiac ID without the confounding influence of systemic ID and anaemia. Iron concentration in the left ventricle was reduced by 32% in Irptargeted mice, a reduction that is similar in magnitude to what we and others have observed in patients with heart failure. 5, 6 The mechanisms leading to ID in the failing human heart are not well understood but may be related to reduced systemic iron availability. 2, 3 We show for the first time that IRP activity in the heart is diminished in patients with ischemic or dilated cardiomyopathy and cardiac ID. Low IRP activity was associated with reduced transferrin receptor expression levels in our patients. Considering that IRPs enhance transferrin receptor expression by post-transcriptional mechanisms 13 and that transferrin receptor expression and iron content were reduced in Irp-targeted cardiomyocytes, we propose that reduced IRP activity and iron uptake contribute to ID in the failing human heart. Haem biosynthesis depends on iron to metallate protoporphyrin IX, and this process is catalysed by the iron-sulphur clustercontaining enzyme ferrochelatase. 17 Haem concentration in the left ventricle was reduced in Irp-targeted mice. Expression of the haem protein myoglobin was reduced as well, but the activity of the haemcontaining complex IV of the mitochondrial electron transport chain was preserved. Conversely, the activity of the Fe-S cluster-containing complex I was reduced, indicating that iron-deficient hearts prioritized their use of iron and haem. Mitochondria need iron to fuel haem and iron-sulphur cluster biosynthetic pathways, but iron is also required for mitochondrial biogenesis and to preserve mitochondrial structure. 18, 19 Iron deprivation may result in a decrease in mitochondrial protein abundance that affects both iron-containing and noniron-containing proteins. 18 Accordingly, mitochondrial structure is severely disrupted in mice with a cardiomyocyte-targeted deletion of the transferrin receptor, and these animals die within 2 weeks after birth. 19 Irp-targeted mice that still expressed the transferrin receptor in cardiomyocytes (albeit at reduced levels), and which developed cardiac ID (but not complete iron deprivation), displayed a milder phenotype. Mitochondrial structure was preserved in these animals. The activity of Krebs cycle enzymes, not containing haem or iron-sulphur clusters, was normal, thus excluding a general disruption of mitochondrial metabolic function. Moreover, mitochondrial respiration and heart function under resting conditions were preserved in Irptargeted mice, indicating a remarkable resistance of the heart to ID. Similarly, ID is most often not associated with overt cardiac disease in The energetic requirements of the heart during increases in workload are met by enhanced mitochondrial oxidative phosphorylation and ATP production. To ensure a high level of free energy release from ATP hydrolysis over a wide range of cardiac loads, intracellular ATP is constantly replenished and free ADP concentration is kept low via the creatine kinase reaction. A decreased PCr/ATP ratio is therefore a sensitive indicator of an underlying energetic deficit. 22, 23 Consistent with a previous report, 23 the PCr/ATP ratio in the left ventricle remained stable during dobutamine stress in control mice, confirming that provision of high energy phosphates is not a limiting factor in iron replete hearts. In contrast, PCr/ATP ratio dropped significantly in dobutamine-stimulated Irp-targeted mice. Metabolic profiling of isolated cardiomyocytes showed that mitochondrial respiration, while preserved under baseline conditions, increased only slightly upon maximal stimulation with an uncoupling agent and did not increase in response to dobutamine in Irp-targeted mice. Of note, the energetic deficit in Irp-targeted mice was not compensated by enhanced glycolysis. We conclude that Irp-targeted, iron-deficient cardiomyocytes are unable to increase mitochondrial oxidative phosphorylation during inotropic stimulation. After MI, Irp-targeted mice developed more severe LV remodelling, with more pronounced hypertrophy and systolic dysfunction, and increased HF mortality. Mutations affecting myocardial energy production may result in hypertrophic or dilated cardiomyopathies in patients. 24 More specifically, 40% of children with inherited complex I deficiencies present with cardiac involvement. 25 Mutations in one of the 45 protein subunits of complex I have been shown to result in heart failure in mice. 26, 27 In one of these studies, a severe reduction of complex I activity (down to 10% of normal) resulted in a decreased basal rate of mitochondrial ATP production and the spontaneous development of a fatal cardiomyopathy. 26 Mice with a less severe reduction of complex I activity (25% of normal) were able to maintain heart function under baseline conditions but developed accelerated HF in response to chronic pressure overload, 27 similar to what we have observed in Irp-targeted mice. Reduced complex I activity may therefore be one important mechanism linking cardiac ID to post-infarct HF. Yet, considering the large number of ironcontaining mitochondrial, cytosolic, and nuclear proteins that may be affected by cardiac ID, 28, 29 e.g. iron-containing enzymes, 30 and secondary gene expression changes (e.g. in mitochondrial ferritin), additional mechanisms may be at play and Irp-targeted mice will be a useful tool to explore them. Importantly, Irp-targeted mice were rescued by a single intravenous injection of ferric carboxymaltose. Iron supplementation refilled cardiac iron stores, restored mitochondrial respiratory function, and inotropic reserve and attenuated adverse post-infarct remodelling. The therapeutic effects of iron supplementation establish cardiac ID as the leading disease mechanism in Irp-targeted mice. Iron did not enhance baseline heart function in these animals, emphasizing that cardiac iron content, although reduced, is sufficient to maintain heart function under unstressed conditions. Our data also indicate that iron supplementation can replenish depleted cardiac iron stores even when cardiac (myocyte) transferrin receptor expression is low (such as in Irp-targeted myocytes), a situation when non-transferrin-bound iron uptake may become more important. 31 These observations provide strong mechanistic support for ongoing clinical trials examining the role of iron therapy in HF patients with ID.
Supplementary material
Supplementary material is available at European Heart Journal online.
Funding
The 2) secure iron availability in cardiac myocytes by enhancing iron uptake (via the transferrin receptor, Tfr1) and reducing iron export (via ferroportin, Fpn) and storage (bound to ferritin, Ft). Under iron replete conditions, enough iron is available to feed iron-sulphur cluster-containing proteins required for mitochondrial oxidative phosphorylation (OXPHOS). Reflecting net changes in iron uptake, export, and storage, cardiomyocyte-selective Irp inactivation leads to intracellular ID. Similarly, IRP activity is reduced in the failing human heart. Iron deficiency in cardiomyocytes impairs oxidative phosphorylation and adaptation to acute and chronic increases in workload. Iron supplementation restores intracellular iron availability by increasing Tfr1-and non-Tfr1-mediated iron uptake, thereby enhancing oxidative phosphorylation and resistance to stress.
